Abstract We investigate temporal variations in teleseismic receiver functions using 11 yr of data at station PKD near Parkfield, California, by stacking power spectral density (PSD) functions within 12-month windows. We find that PSD levels for both radial and transverse components drop by ∼5 dB following the 2003 San Simeon (M 6.5) earthquake, with a persistent reduction in background levels of ∼2 dB, relative to the pre-2003 levels, after the 2004 Parkfield (M 6) earthquake, corresponding to an estimated decrease in shear-wave velocity of ∼0:12 and ∼0:06 km=sec, respectively, or equivalent negative changes in Poisson's ratio of ∼0:02 and ∼0:01. Our results suggest that the perturbation originates at middle to lower crustal levels, possibly caused by the redistribution of crustal pore fluids, consistent with increased and sustained tremor activity near Parkfield following both earthquakes. This study shows that we can resolve temporal variations in crustal scattering structure near a major seismogenic fault using the receiver function method.
Introduction
Changes in seismic velocities measure changes in the density and elastic moduli of rocks that are a function of a number of intrinsic lithological, as well as extrinsic (e.g., pressure, temperature, pore-fluid pressure), and structural (e.g., cracks, porosity) parameters. Consequently, measuring temporal variations in velocities can be used to infer changes in the conditions under which they occur (e.g., dilatancy [Nur, 1971; Scholz, 1974] or damage [Vidale and Li, 2003] ). Typical crustal targets are fault zones, magma chambers, hydrocarbon reservoirs, and landslides. The techniques used to characterize such variations range from repeated seismic experiments (e.g., Husen and Kissling, 2001 ) to interferometric approaches (e.g., .
One method that provides accurate point measurements of crustal velocity structure is based on the characterization of body-wave scattering beneath a recording broadband station using a collection of teleseismic events, that is, the so-called P-receiver function method. This technique is based on deconvolution of the source time function, approximated by the P-wave train, from the S components of motion. Resulting seismograms represent an approximation to the Earth's impulse response, or Green's function (Bostock, 2007) , and are used to determine the geometry and velocity of discrete planar layers. Accuracy is controlled mainly by event coverage within the epicentral distance range 30-100°. Because major earthquakes (M >5:5) mostly occur along plate boundaries, spatial coverage is highly uneven at any given station, resulting in a biased sampling of the crust. In contrast, coverage is fairly regular in time with more than 100, M >5:5 earthquakes occurring annually. At permanent broadband stations with long recording history (> 5 yr), several hundred earthquakes illuminate the same crustal volume quasicontinuously. The repeatability of ray path coverage is similar in principle to successive structural studies; consequently, this technique has the potential to resolve temporal variations in crustal velocity structure.
In this paper we investigate time dependence of receiver functions using data from a permanent broadband station (PKD) near Parkfield, California (Fig. 1) . This station has been in operation since 1996 and is located ∼3 km southwest of the San Andreas fault (SAF; Fig. 1 ), close to the transition from the locked segment to the southeast, and close to the creeping section to the northwest. This region is characterized by the recurrence of M ∼6 crustal earthquakes every 22 5 yr. The recent occurrence of the nearby 2003 (M 6.5) San Simeon and 2004 (M 6) Parkfield earthquakes provides a unique opportunity to examine temporal variations in crustal scattering structure near a major seismogenic fault.
Previous studies using standard application of receiver functions documented a complex structure beneath station PKD and the existence of a 6 km thick, lower-crustal lowvelocity layer with strong (15%) anisotropy (Ozacar and Zandt, 2009) . Crustal multiples indicate a 26 km thick crust with average V P =V S of 1.88 with slightly lower values (1.83) for the upper and middle crust in the west. To explore temporal variations in crustal structure, we collect seismograms for 1108 events with M >5:7 that occurred between January 1997 and December 2008 at the requisite epicentral distance. Event coverage is dominated by the western Pacific, FijiTonga, and Central and South America subduction zones. Back-azimuthal coverage is good from 0-200°with 284 events sampling the crust south and east of the SAF in a direction mostly parallel to fault strike and from 225 to 360°w ith 824 events sampling the crust west of the SAF (Fig. 1 ).
Method and Results
Prior to receiver function processing, seismograms are rotated to the P, S V (radial), and S H (transverse) wave modes using the free surface transfer matrix (Bostock, 1998) . The receiver function method employs the P component as an estimate of the source to deconvolve the S V and S H components and recover P-to-S wave conversions from velocity discontinuities beneath a recording station. This procedure involves calculating the spectral ratio R between individual, single-event P and S seismograms,
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where ω is the angular frequency, Φ is a regularizing filter to avoid contamination by noise, the asterisk () indicates complex conjugation, and S can be either S V or S H . The filter Φ can be calculated from the damped least-squares deconvolution solution,
where δ is a constant determined by standard optimization schemes based on preevent noise variance on the P component (Bostock, 2007) . Deconvolution based on this filter is similar to water-level deconvolution. Because δ is a constant, this approach implicitely assumes random (white) noise. However, the seismic noise spectrum is not flat at frequencies of interest due to microseismic peaks, and varies seasonally as a result of increased storm activity in the winter (McNamara and Bulland, 2004) . The water-level filter does not capture the frequency dependence of microseismic noise that can be mapped back into the receiver functions and produce bias. This effect is usually dealt with by selecting events with high signal-to-noise ratios (effectively discarding most events occurring in winter), postdeconvolution band-pass filtering, and stacking to improve coherency of scattered signals. Because we are interested in recovering small perturbations of the Green's function with time, deconvolution using a water-level filter is not appropriate. In order to reduce the effect of noise in the deconvolution, we use a Wiener filtering approach. The Wiener filter is optimally designed to produce a signal that is as close as possible to the uncorrupted signal in the least-squares sense (Press et al., 1992) . In Wiener filtering the regularizing parameter is directly estimated from the preevent noise spectrum, reducing bias to a minimum. Most implementations of the Wiener filter in receiver function studies consider only preevent noise on the P component. Because the angle of incidence of teleseismic P waves at the surface is small (slowness of 0:04-0:08 sec=km), the P-component preevent noise is dominated by vertical motion. Noise levels on horizontal components can differ by up to 10 dB from the vertical component and have different sensitivities to climatic perturbations that cause ground tilting (e.g., winds, barometric pressure, precipitation) (Beauduin et al., 1996) . To mitigate this effect, we devise an ad hoc Wiener filter for receiver functions derived from the auto-and covariance of noise on multiple channels:
where N P and N S are preevent noise on the P and S components, respectively. Using this filter we calculate singleevent receiver functions for all teleseismic events recorded at station PKD (Fig. 1) . The decrease in seismic velocity is expected to be relatively small, and standard processing of the time-domain receiver function is unlikely to resolve such small perturbation. However, because the spectral content of deconvolved, unfiltered receiver functions represents the magnitude and phase of the scattering structure, analyzing the squared modulus (i.e., power spectral density [PSD]) can provide an estimate of the scattering energy as a function of frequency. Thus, instead of inverse Fourier transforming equation (1) to obtain the time-domain response, we calculate the PSD for each individual, unfiltered receiver function using the multitaper method (Prieto et al., 2009 ). Because we are interested in crustal scattering structure, we calculated the PSD of the first 30 sec for each receiver function. To further reduce variance of the estimates we resample the PSDs in full-octave period averages taken at 1=8 octave intervals (McNamara and Bulland, 2004) . We subsequently collect and stack the PSDs within 95% overlapping, 12-month segments using the median to improve stack coherency (Figs. 2 and 3) . We found that averaging within 12-month bins offered the best compromise between temporal resolution and variance reduction and assigned the resulting PSD stack to the central date within each bin. Spectral power is calculated for each component by integrating the PSDs between 0.5 and 3 sec, where energy is at a maximum. We collected the PSD time series into two groups according to back azimuth of the incoming wave field to reflect the difference in crustal structure observed in a previous study (Ozacar and Zandt, 2009) . Results show a clear drop of ∼5 dB in PSD level around the time of the 2003 M 6.5 San Simeon earthquake with a subsequent persistent reduction (∼2 dB) in the postseismic background PSD level relative to pre-2003 event (Fig. 2a-c) . The exact start time of the observed change in PSD appears to lead the San Simeon event by ∼6 months; however this is due to the smoothing effect of stacking within 12-month bins. Assigning PSD stacks to the end date within each bin would shift the values forward by 6 months, effectively erasing the apparent lead time of the drop in PSD. Interestingly, the change is observed only for events coming from the back-azimuth range 0-200°( compare Figs. 2 and 3) , dominated by events originating from South-Central America, which sample the crust along strike and southwest of the SAF near Parkfield (Fig. 1) and closer to the area of rupture of the 2004 event. Narrowing the angular aperture within the range 0-200°does not significantly change the result, indicating that the entire volume of crust sampled by these events responded to stress perturbations caused by the earthquakes.
Spatiotemporal sampling does not appear to be biased by source distribution within the 0-200°back-azimuth range (Fig. 2d,e) . We investigate stability in instrument response by collecting 100 sec preevent noise records for each event that are rotated into P, S V , and S H coordinates to facilitate comparison with receiver function results. Spectral response is evaluated by calculating the PSD and transfer functions (admittance and coherence) of P and S V components of ground noise, which are resampled and stacked using the same procedure described previously (Fig. 4) . This analysis shows that the instrument was stable over the entire period analyzed.
Discussion
Variations in PSD levels do not constrain the extent of the perturbation; however, given its azimuthal dependence, it is unlikely that it originates at shallow levels. Its manifestation at periods of 0.5-3 sec where PSD is highest also suggests a depth-integrated effect. Ignoring density changes, reduced PSD levels imply a decrease in scattering energy (i.e., an increase in scattering attenuation) from velocity perturbations. We approximate the scattered energy as arising from such perturbations in a stochastic medium (e.g., Hong and Kennett, 2003) and write
where u PS is the scattered wave field from plane P-to-S converted waves, ξ is the spectrum of perturbations in the elastic medium given by ξ δV S =V S , where V S is shear-wave velocity, and the brackets indicate ensemble averaging. From this relation we can estimate the change in shear perturbation from a drop of x dB in PSD level:
where hju PS 1 j 2 i ∝ jξj 2 is the preevent scattered wave field, and hju PS 2 j 2 i ∝ jξ δξj 2 is the postearthquake wave field. Assuming background shear velocity β of 3 km=sec and perturbations ξ on the order of 10 1 , the variations in PSD correspond to reductions of β of ∼0:12 and ∼0:06 km=sec, respectively, for the San Simeon and Parkfield events. Using an average V P =V S of 1.88 for the crust (Ozacar and Zandt, 2009 ) and assuming that the P velocity remained constant, the changes in shear velocity correspond to a reduction in V P =V S of ∼0:08 and ∼0:04 with respect to preearthquake values or an equivalent decrease in Poisson's ratio of ∼0:02 and ∼0:01. These results are consistent with values obtained from ambient noise correlation studies near Parkfield , where 0.04% and 0.08% reductions in velocity were found after the San Simeon and Parkfield earthquakes, respectively. interpreted their results as a combination of nonlinear ground motion in the shallow layer with rapid recovery to background values and longer postseismic stress relaxation within the deeper parts of the fault zone and surrounding region. Our measurements indicate that the San Simeon earthquake, located ∼65 km to the southwest of station PKD, had a stronger effect on velocity perturbation than the nearby Parkfield event, which possibly reflects differences in depth sensitivity between the two methods. Noise correlations at 0.1-0.9 Hz are mainly sensitive to the upper ∼10 km within the crust. The azimuthal dependence of receiver function results suggests that at least parts of the middle to lower crust also exhibit velocity changes, which implies a deep source of velocity perturbations. a perturbation originating near the base of the crust (Nadeau and Guilhem, 2009) .
Although the source of the perturbation is unknown, it is consistent with redistribution of crustal pore fluids and the breaking of impermeable barriers due to shaking (Elkhoury et al., 2006) near the SAF zone after the San Simeon earthquake. The fact that the Parkfield earthquake, which caused much larger shaking near station PKD, did not have a similarly strong effect on the PSD levels may reflect the partial, and spatially limited, reequilibration of pore-fluid pressures in the crustal column after the San Simeon event. The increased and sustained tremor activity after the Parkfield earthquake is also consistent with a deep fluid source and suggests a shift in the deformation process and stress accumulation beneath this portion of the SAF (Nadeau and Guilhem, 2009 ).
Conclusion
We use 11 yr of data at station PKD near Parkfield, California, to examine temporal variations in crustal scattering structure using a novel application of receiver functions. We find a significant drop in PSD levels (∼5 dB) of scattered wave fields following the 2003 San Simeon, California, earthquake, and recovery to reduced levels (∼2 dB) thereafter. We estimate the changes in PSD to be caused by both sudden and persistent reductions in S velocity of ∼0:12 and ∼0:06 km=sec, respectively, or equivalent changes in Poisson's ratio of ∼0:02 and ∼0:01. This result suggests that dynamic strain may possibly play a role in the redistribution of deep crustal pore fluids. Improved understanding of the source of these changes may be addressed by using complementary methods that provide depth resolution and by using different data sets. This study indicates that the receiver function method bears the potential for investigating 4D faulting processes.
Data and Resources
Station PKD is part of the Berkeley Digital Seismic Network (BDSN), and data were made available by the Northern California Earthquake Data Center (NCEDC). Information on data used in this study can be found at the following Web 
